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Abstract 

Bi axially  cube  texfured  poSycryslalline  CLi{2lLHjJ  substrate  tapes  were 
]?rodiiced  for  high  temperature  superconducting  (HTS)  coated  conductor 
applications.  A  comparison  is.  made  between  Cu  substjates  fabricated  by 
rcvcribC  cold  rolling  followed  by  rccryslallization,  from  sloefc  materials  that 
were  obtained  in  the  form  of  extruded  rod  and  rolled  plate.  Detailed  ?c-ray 
diffraction  (XRD)  srudks  and  orientation  imaging  microscopy  (OIM)  were 
performed  to  measure  the  in-pianc  alignment,  out-of-plane  alignment,  and 
microtexture  at  various  deformation  levels  and  annealing  temperatures.  The 
rod  starting  geometry  proved  to  have  superior  biaxial  alignment  with  a 
predominant  (22j0)  deformation  texture  after  rolling.  Phi  scan  and  psi 
(4^)  -scan  XRD  reveals  that  the  best  in-plane  and  out-of-plane  alignment, 
measured  m  terms  of  full  width  half  maximum  (FWBM)  value^^of  5.4°  and 
5-S“>  were  obtained  at  99.5%  reduction  in  thickness  and  750  annealing 
temperature^  OIM  microlcxturc  results  indicate  that  more  than  97.5%  of 
grains  had  less  than  lO'^  misorientation  with  no  observable  twinning. 


1.  Entroduction 

Progress  in  snetallic  tape  deveLDpiEieut  for  high 
snpcrconducting  films  has  been  slgnificsintci^vcrlhc  past  se^'eniL 
years  [J,  2J.  Theriuomecliar^ical  processing  by  rolling  and 
subsequent  arincahng,  .such  as  the  rolling  assisted  biaxial 
textuied  substrate  (RABiTS™)  process,  lias  been  successful 
for  iaducing  both  in-plane  and  out-of- plane  aligamerit  in 
[estured  rnelEilliq  subslrate.'j.  Previyij^  woik  on  Icxturcd 
substiates  for  high  temperature  supeiconducting  tH'r5>coated 
conductors  has  laigely  focused  on  the  devcEopmeut  of 
biaxial ly  textured  metallic  substrates  of  Ni  witli  subsequent 
epitaxial  depositions  of  oxide  buffer  layers  [3-5L  More 
nxicns  studies  have  demoastrated  the  successful  use  of  cube 
textured  Ni  alloy .h,  .Huch  as  Ni— W,  as  epitaxial  templates 
for  high  critical  currejit  density  coated  conductor  16]. 
Other  investigations  of  Ni-based  alloy.s  ineltnling  Ni^Un 
Ni-Cn  and  Ni-V  have  proven  successful  for  the  (IfXi}  cutre 


texsure,  but  have  incousisicnt  J^:  values  for  the  YBCO  coated 
couductCH's  17-9].  Ell  geireral  the  Ni  alloys  have  proven 
mast  successful  for  texture  aad  compatlbilKy  with  subsequent 
deposLfjoa  techniques  and  cojumonly  u.sedosidu  huffem. 

For  power  sy stein  applications,  non -magnetic  metallic 
substrates,  which  minimize  the  AC  losses  expeiiesiced  in 
many  p^>veer  applieatians,  are  preferred.  Tf  the  substrate 
has  high  theniial  and  eteculcal  conductivity,  it  can  offer 
electricaL  stahiLity  if  a  eoiiduciiv-c  buffer  can  be  successfully 
applied.  Textured  metallic  substnites  based  on  copper  meet 
tPiese  requirements  since  they  arc  nan-magiictic  and  highly 
conductive.  Copper  also  otfers  a  Low  cost  alternative  to  Ni  and 
Ki-based  alloys,  since  Cu  is  KigniEicjintly  ksp  expensive,  and 
a  KhsuT?  cube  texture  can  be  obtained  |  LU,  II]. 

An  adverse  atfect  of  using  Cu  as  a  substrate  material  relates 
to  iLs^  chemical  .stability,  since  copper  oxide  Ebims  readily 
Lindej'  ambient  conditions,  especially  during  ihc  pn.icessing 
LEf  .subsequent  oxi<k  lavcrTj.  Other  disadvantages  include 
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Idw  mcchanicfil  strcuglh,  which  is  a  conceiii  tor  lojig  wire 
processing.  Alloying  or  dispersion  sfiieiigltiening  of  the  copper 
can  impruwi;  its  mechanical  srrength  biu  will  at&o  degrade  its 
high  conductivity.  As  siiclt,  proper  caie  mu  si  be  taken  to 
achieve  a  pir^pcr  tradc-L>fT,  Overcoming  the  adverse  affects 
ofCu  is  possLbie  by  processes  such  as  Ni  plating  hy  epitaxial 
etectri^deposition  or  spiitiering  [13].  Pialing  of  Ni  or  other 
metals  can  prevent  oxygcri  diffusion  and  increase  [nedtanical 
strength.  The  piesenl  work  involves  only  ihe  fahricalion  of 
highly  tcxiLired  incTallic  sabsTratcs  based  on  copper  by  reverse 
cold  rolling  followed  by  annealing. 

2.  Matt^riiilK  ^nd  experimental  pivicedure 

In  this  slLidy,  twoditterent  stajlisig  materials  wurt:  iiw:d  to  create 
substrates:  ASTM  gnttlc  1 01 000  cxtmdcd  copper  rod  and 
ASTM  grade  [(>100  rolled  copper  plate.  Emh  were  obtained 
from  Goodfetlow  and  are  imannealed  with  (he  coppej'  rod 
(item  CU007955>  being  as-drawn  aiKt  tlie  eopfjer  plate  (item 
CU0007663  being  as-rolkd.  The  cxlnidcd  copper  rod,  with  a 
dlajiteLer  of  9.5  jum  ±  J  0%,  was  cur  into  samples  with  lengths 
of  1 00  mm  +  5%/- 1  %.  Tfic  samples  were  partially  tlatrened 
from  9.5  to  7.5  inm  on  a  uniaxial  forge  press.  This  creiitcd  two 
faceted  Surfaces  in  the  axial  direction  which  was  necessary  due 
to  the  Tcstricted  opening  of  the  rolling  mill.  The  ml  led  copper 
plate,  which  bad  a  starting  thickness  of  2.0  mm  i  (0^,  was  cut 
into  samples  of  length  I OD  mm  -tr  l%f-  I  %  along  tlie  rolling 
direction  and  width  2(>Trim. 

Prior  to  rollings  the  faceted  stirfitccs  of  the  copper  rod  and 
copperplate  were  ground  successively  with  120,  240, 4[J[3,  and 
600  grit  SiC  paper,  and  then  p^ilishcd  to  a  6  /im  finish  using 
diamond  paste  on  microcloth.  Cold  work  induced  during  these 
preparation  steps  wasi  removed  by  annealing  at  45^3  for  orre 
hour  in  a  300  mTorr  Ar/5%  H  aintosphere. 

The  copper  rod  and  copper  plate  w^ere  reverse  cold  railed 
at  room  temperature  on  a  two-higjt  mill  using  polished  .1  inch 
(75  itim)  diameter  roHs-  Roth  the  rod  and  plate  were  railed 
in  steps  of  1[?%  reduction  per  pass,  [miducirig  live  linal 
defomialion  levels  of  95-5%,  97.5%,  9&.5%,  99.0%,  and 
99-5%.  Between  21  and  50  passes  were  required  to  reach 
these  deformation  levels,  resulting  in  substrates  (hat  ranged  in 
thickne.ss  from  300  lo  36  At  each  dcforjitation  level, 
samples  were  taken  to  gauge  tlte  presence  of  defonnaiion 
texture,  an^l  then  hc^it  Ircated.  The  samples  were  cut  to 
lO  mm  by  5  mm,  with  die  Long  direction  aligneil  with  the 
rolling  direction.  All  samples  were  tiltmsonicaliy  cleaned  with 
acetone  and  edianol  for  lubricajit  removal. 

Heat  UeatmenLs  were  perffmned  in  a  l.indbcrg  3  inch 
quartz.  Itibc  furnace  in  a  reducing  atmosphere  of  .Ar  with  5% 
H2.  The  temperature  stabiEity  of  the  fuinace  is  ±2^C.  The 
furnace  was  heated  rapidly  it>  the  annealing  tempcmtttrc  so 
that  each  sample  could  reach  ihc  heal  treatment  temperature 
iKtforc  significant  rccrysLalli/aiioEi  of  the  ^;uiiiplc  L>ct;urrcd- 
Sajnples  from  each  of  the  five  strain  levels  for  the  (wo  starting 
configurations  were  annealed  ar  neinperattires  in  the  range  of 
3tJ0-S(M> '’C.  All  initial  aimealiiig  for  6  h  at  a  Lumperature  of 
300  was  u&ed  for  both  materials.  For  all  otlter  Leinperiitures 
the  annealing  time  was  1  h.  The  s.amplcs  were  allowed  to  cool 
to  room  lemperaturc  in  the  fumacc.  iTic  deformation  levels 
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FiRunc  K  Tdslitrc  in  annealed  StatlJag  materials  prior  to  ml  ling. 

(□>  2tJ  scan  of  the  ct>p|ier  rod^  showing  all  doniEnant  KlC  peaks,  and 
{b]  2fy  .‘;can  of  Ehc  copper  plaEe,  showing  all  dcrriinLint  FCC  pcaLs. 


arwJ  annealing  schedule  for  the  copper  ixxl  and  ctippcr  plate  arc 
sum]nari/.ed  in  table  L 

The  recry slallizadon  tcxdirc  presence  was  analysed  using 
2i^  scans,  the  m-planc  and  out-of- plane  alignment  was 
measured  using  and  4^  scans,  and  the  mieratcxltiic  was 
characterized  uLili:^ing  orientation  imaging  microscopy  (OIM). 
Texture  development  in  all  samples  was  measured  hy  die  x-ray 
rcfiection  leclmlctue  ulilizittg.  Cu  Kt^i  radiation  on  a  Rigaku 
coupled  2l?  goniometer  to  obtain  20  ^eans,  and  on  a  Phillips 
Materials  Re.searcb  DiffraciEimctcr  (o  obtain  ‘■b  and  T'  scans. 
Tlie  20  Scans  were  condiicicd  between  liJ-  and  120^  with  a 
?i[ep  .‘jize  of  0.05“*  and  a  -scan  rate  of  6^  min ' ' . 


3.  Results  and  discussion 

Figure  I  ^jhows  the  scans  for  the  starting  copper  rad  and 
copper  plate  materials.  Since  there  is  no  dominani  peak  for  (he 
plate,  figure  1  (a)  sugge^iti:  that  Tlicro  is  a  random  oriejitation  of 
g.mm<i.  [ft  comparison,  the  (I  I  j  >  und  (220)  peaks  of  the  copper 
txkI  material  are  loss  pionounecd  [figure.  I  (b)>.  suggesting  there 
could  be  some  texture  resulting  from  the  initial  focriEiing  of  the 
rod  slock. 

After  rolling,  x-ray  10  scan^:  rsf  i  hc  copper  rod  and  copper 
plate  were,  taken  at  each  deformation  level.  Figure  2(a)  s.liows 
I  hat  t'of  the  copper  rod  samples,  wL(h  iiicraai^ing  tlcftirniution, 
tlte  (220)  orientation  dominates,  while  the  non -(220)  peaks  are 
gre-iitly  reduccil.  A  rednetion  in  secoiidaty  peaks  occur.s  at 
each  additional  level  of  ^lcforma(ion.  Figure  2(b)  show.s  no 
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Taiililc  1.  DcfbmuHion  Lind  aniKMilingccnditioiiK  tdr  Ihc  starting  rnd  and  plaJc  ^ampleji.  A  bncV  presiS-ure  of  2-6  jt-Torr  bind  21  [.Mrtial  pressure 
of  Ar/H2  5%  iki  200  iiiTorr  'vere  used . 
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Figure  2r  r>eforma(ion  Texture  of  railed  coppei  .sain[>le£. 

(a)  2/f  scan^i  fof  Tlie  cop|>crrod  nifser  roll  mg  tiT  incrensitig  level  s  of 
dcfomiati  cim  shnwing  lucncasing  intensity  of  the  {220)  peak, 

(b)  scans  of  the  copper  plate  utter  rolling  with  no  indication  of  u 
doiiLiobinl  pciik. 


predominant  pesLk^  and  no  di&ccmablc  irend  with  increasing 
levels  of  deformation^  It  appears  that  tlw  initial  lextiii'e  in  the 
Copper  ptal-i:  fiatrtplo^  is  rL-taincd  ovlH  aftor  signil'iLant  LLTrnmnls 
of  defortnation. 

Rjlkrwini'  the  heat  LreaLmeriLs,  x-ray  2/^)  scjoS  were  takcri . 
Fipure  3  shows  that  a  jjharp  eubc  (200)  rcciy stal  li^atioTi  t-cxttiro 
tLevclopcd  in  the  copper  rod  samples  annealed  at  T50  “C  tor 
I  h,  Note  that  a  sharp  cube  lex  tore  was  formed  for  all  levels  of 
deformation  from  95 .5  to  99.5  % .  In  order  to  gauge  the  etTect  of 
annealing  temper  atLU'e  on  in-plane  at¥c!  out-of-ptL'uie  alignroeut, 
scans  atbd  ^  scans  were  c-t>nd  acted .  Figme  4  sh^iws  how 
the  scan  full  width  half  maximum  values  change 

with  tempeTaturr  for  I  he  ctjppcr  rrxt  samples  that  had  been 
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Figure  X  Texture  tlevcJopment  in  (he  cold  xolletl  ccp])er  rod 
sumpIcK  ujiiicalcd  at  731} '■'Cl  showing  the  doininahce  of  the  C2D0) 
orientation  al  all  ttcfomial  ion  levels. 
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Figure  4r  Effect  of  duilcitling  temperature  cn  the.  ^  scan  full  width 
half  maximum  (EWnN-t)  vjilnes  for  all  of  the  copper  rod  samplcE. 


rolled  to  different  amounts  of  defonnalian.  The  shaq^est  ^ 
scan  peak  was  obtained  at  a  defod'inaiion  level  of  99.?%  and 
antnealing  temperature  of  7,^50  ®C,  wiih  an  FWHM  intensity 
value  of  ?.4".  Figure  5  shows  under  tJiese  defi'n  inatLDn  and 
annealing  conditions  that  d^  and  scan  FW'TIM  vuLucs  were 
5.4'’  and  5.B®.  Microiextuie  ineasuramcTiis  using  orLuniatirsn 
imagitig  tnicro.scopy  (OTMt  on.  this  xumpic  revesded  (hat  the 
mixprieTiinti^m  bciw’cen  atljacent  grains  was  <\(X^  for  mote 
than  97.5%  oi'  grains  in  ihc  sample.  No  sigiiiticLitiL  iwittrLing 
was  observed  under  a  scanning  clectroo  micnwe^ipc  (!?ce 
figure  6). 

The  surface  roii^hnc^s  of  the  copper  tapes  was  stigjitly 
higher  than  desirable,  but  dcterminecl  to  be  largely  a  result  of 
the  final  rolls  used.  The  final  noils  had  odl  been  poli.'^hcd  for  an 
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Hsure  5.  aivd  4i  scans  for  |fw  copper  rod  Mjuples  ^innealedai 
750  -'C  aft-cr  dcttuTnajdoti  to  Oy.5^  reduction.  {□)  ^  scan  wich 
FWHM  vaJuc  of  5.4%  and  (b>  scan  with  TO'HM  value  of  5.S". 
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Figlirt  6,  OIM  [niC:rCiU;;;LuTC  re*u]i:s  with  poLs  iigure  rcvcai  more 
rhati  9'7.5^  of  grai  ns  mlh  <10^  misorienLaLiun.  SGM  micrograph  of 
microsti'ivcture  showing  a  5iAb]6  *quiaa&d  grain  situciudc  ai  750 '"C 
with  no  ohservahle  (wmnmg. 

(This  figuTC  ia  in  e-olour  only  in  die  electronic  version) 


exLcTidcd  pcriwlof  lime,  resulting  in  initial  surface  roughnesses 
Df  the  copper  .^juhstratc  to  he  typically  between  20  arKl  30  nin 
rms  with  occasional  samples  <20  mn  rm.s  as  determined  fn;m 
AFM  mcasiiremeiits.  iTie  rolls  used  iji  the  liEial  defannaLicin 


I'lbeiB  racHiTn) 


Fijranc  7.  Texture  develnpmcnt  in  the  cedri  rolkd  copper  plate 
samples  ann&aled  ut  500  showing  sev^cml  FCC  peaks. 


have  been  removed  for  sui  face  polishing  uikI  the  nw;  of  the 
newly  polished  rolls  on  additional  citpper  sjulwl rates  resulted 
In  surface  roughaess  <  1 0  nm  rms  for  all  samples. 

X-ray  seans  were  also  takeit  of  the  copper  plate  after 
lieal  treatmem.  A  clear  (200)  reLrystalli^qiion  texture  did  nol 
develop  iji  any  of  the  deformed  and  armealecS  samples.  Perhaps 
the  best  texture  development  in  the  copper  plate  samples 
occurred  at  500 (figure  7).  In  cortipaiisim  to  bgure  X  which 
■shows  the  2fj^  scans  lot  the  rod  sainplea,  note  thut  though  (the 
200)  peak  is  the  most  intense,  <n her  peaks  arc  also  observed. 
Since  no  trend  or  signilicaiitly  pjedomiiiant  peaks  were  seen, 
additional  cliaracterizatiort  w‘aji  noi  perfon-ned  on  the  copper 
plate  .nample.H. 


4.  Syiniiiary  and  conclusion.^ 

Cold  rolling  and  annealittg  e}iperJn[ient.H  carried  out  on  twx^ 
mateiiais  with  the  same  initial  composition,  but  dilTerent 
prior  defonnation  history,  resulted  in  very  ditlerejit  texture 
in  ihc  processed  samples,  lliough  tliere  appe-ared  to  he  no 
signifLcartt  initial  texture  in  hgtJi  the  extruded  rod  and  rolled 
plate  materialjj,  after  heavy  levels  of  deformation  the  copper 
rod  developed  a  (220)  deformation  texttu'c  while  tlse  copper 
plate  did  not.  Subsequent  annealing  of  tlte  copper  tkkI  reiinlted 
in  the  formation  of  a  (2W)  lecrystallization  texture.  The  best 
biaxial  aJlgtimejii  oceuired  at  7.50  ami  dctbrniatlon. 
On  the  other  hajid.  the  texture  of  the  copper  plate  samples 
showed  no  trends  during  deformation  or  preferred  orientation 
after  annealing.  SitKe  the  initial  copper  rod  and  plate  wore 
obtained  as-produced,  without  anneal  trig,  ihe  difference  Is 
likely  to  be  due  to  the  initial  cold  work  f>crfonned  prior  to 
the  dcfomiation  process  conducted  above:  in  pajitcular,  the 
drawing  of  the  rod  versus  tlie  rolling  of  the  plate. 
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